Soft actuators are of great technological interest and one class of these is made from ionic polymer-metal composites (IPMCs). It has been established that replacement of water with an ionic liquid (IL) in IPMCs results in larger actuation response and considerably longer operating life. However, the rate of displacement of IL-based IPMCs is very low. In the current work, IPMC actuators were fabricated using Nafion membrane and an imidazolium-based IL. The effects of incorporating the IL with and without Li + ions were followed using electromechanical and electrochemical measurements and were compared with the corresponding behavior of water-based Li + -exchanged and un-exchanged IPMC actuators. The addition of Li + ions to the IL-based system resulted in dramatic increases in the capacitance, ionic conduction, operating life and in the displacement rate of the actuator. This strategy is of considerable interest for enabling the use of IPMC-based soft actuators in medicine and robotics.
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Then, when an adequate potential is applied across the thickness of the IPMC, it bends dramatically and reversibly towards its positively charged surface. The magnitude and speed of the bending deformation may depend on the nature, ionic conductivity and thickness of the ion exchange polymer, the structure and capacitance of the electrodes, the solvent content of the polymer, the charge and mobility of the cations, and the specific interactions between the electrode and the cations. [7, 8, 9] It has been established that IPMC actuators consisting of Nafion membrane with cations of larger Van der Waals volume exhibit stronger actuation due to motion of the larger cation. [10] However, the actuation performance of conventional water-based IPMC actuators decreases over time due to the electrolysis of the water by the applied voltages and by the evaporation of water when these devices are operated in air. Replacement of water with other solvents has been investigated. [10, 11, 12] Ethylene glycol is polar has a viscosity of about 16 times that of water at room temperature and has a greater molecular mass. The results of a series of tests with ethylene glycol as the solvent indicated a greater uptake of solvent, greater resistance to electrolysis at high applied voltages, less stiffness, better actuation performance in air and later relaxation than with water in both Nafion-and Flemion-based IPMCs. However, the actuation of an IPMC sample with water as solvent was faster and the sample possessed higher overall electrical capacitance than with ethylene glycol. [11] Replacement of water with ionic liquids (ILs) as the solvent has also been investigated. [13, 14] ILs are room temperature molten salts composed, for example, of heterocyclic organic cations and various anions. [15] The physical and electrochemical properties of ILs depend strongly on the nature and size of their cation and anion constituents. ILs are easy to handle and possess interesting properties including high thermal and chemical stability, high ionic conductivity, excellent solubility, negligible vapor pressure and non-flammability. [16] Thus, they have been considered as media in M A N U S C R I P T
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4 applications where the presence of water as solvent leads to a gradual deactivation of the system over time through hydrolysis and evaporation processes. [13] Recent studies have shown that ILs can self-assemble into nanoscale aggregates, both as pristine ILs and in solution, which can result in multiple conduction phenomena. [17] These phenomena are attributed to the long-range charge motion or interfacial polarizations arising from the buildup of charge at the domain boundaries within the material. [17] In Nafion membranes, the mechanism of long-range charge transfer occurs via ion exchange processes between ionic clusters and the IL aggregates. [17] It has been established that ILs can solvate and plasticize the Nafion side groups, stimulate the organization of the fluorocarbon domains of Nafion into a microcrystalline structure reduce the degree of crystallinity of the membrane and increase its ionic conductivity. [17, 18] ILs comprised of the 1-alkyl-3-methylimidazolium cation and anions including halide, nitrate, hexafluorophosphate (PF 6 ) and tetrafluoroborate (BF 4 ) are the most investigated ILs in applications where their ionic conductivity is exploited. [19] These imidazolium-based ILs are currently being studied as electrolytes for dye-sensitized solar cells, [20] metal plating, [21] Li ion batteries, [22] and electrochemical capacitors [23] as well as soft actuators. [24] IPMC actuators incorporating ILs showed an extended operating time over water-based systems.
However, their response times were much longer and the forces generated were decreased drastically compared to systems using water. [25, 26, 27, 28] This limits the appropriateness of ILbased IPMC actuators as electromechanical actuators in applications where fast response and large displacement at low applied voltages is required. [29, 30, 31] To improve the performance of water-free IPMC actuators without significant loss in generated force output the preparation of thick IPMC actuators has been proposed. [32, 33] However, it was found that the actuation displacement of the thick IPMCs was lower than that of thin IPMCs and their response time was influenced by the concentration of ionic liquid, and that the concentration of ionic liquid can be tuned to achieve maximum actuation performance. [12] IPMCs containing higher concentration of ionic liquid exhibited more capacitor-like behavior which led to a larger electromechanical responses. [12] The ionic conductivity and actuation speed of IL-based IPMCs also increases as the content of ionic liquid and the size of the counterions is increased. [12, 13, 14] Furthermore, the actuation speed of IL-based IPMCs is linearly related to the ionic conductivity of Nafion membrane. [14] The current work reports the enhancement of the ionic conduction, capacitive characteristics, tip displacement and response time of an IL-based IPMC actuator by the addition of a small amount of Li + ions. IPMC actuators were fabricated using Nafion membrane and an imidazolium-based IL. The effects of incorporating the IL with and without Li + ions were followed using electromechanical measurements, cyclic voltammetery (CV) and electrochemical impedance spectroscopy (EIS) and were compared with the corresponding behavior of water-based Li + -exchanged and un-exchanged IPMC actuators. The addition of Li + ions to the IL-based system resulted in dramatic increases in the operating life and in the displacement rate of the actuator over non-IL systems at ambient temperature and humidity. This strategy is therefore of considerable interest for increasing the applicability of IPMC-based soft actuators in medicine and robotics.
Experimental

Preparation of IPMC actuators
IPMC actuators were prepared from 0.18 mm thick sheets of Nafion-117 in its protonated form (DuPont, equivalent weight 1100) using a technique presented by Pak et al. [34] After roughening the surfaces using abrasive paper to increase the metal-polymer interface area, the membrane was washed using an established method [35, 36] to remove all impurities remaining from the manufacturing process. The clean Nafion was soaked in a 4. Scanning electron microscopy (SEM) was employed to study the differences in the morphology of the platinum electrode layers of IPMCs as a function of cation and solvent type using a Seron-AIS2300 SEM instrument. Cross-sections of IPMCs were obtained for SEM by freeze-fracturing in liquid N 2 . The topology of the sample electrodes was quantified by measuring the number of folds per unit surface area.
Electrochemical Evaluation of IPMCs
To compare the ionic conduction and capacitive characteristics of water-and IL-based IPMCs, electrochemical impedance spectroscopy (EIS) and cyclic voltammetery (CV) were used. Square elements of 5×5 mm were cut from the IPMCs and placed horizontally in a sample holder consisting of a pair of platinum contacts embedded within a Plexiglas clamp. These contacts had the same surface area as the sample. The measurements were performed on a potentiostat/galvanostat (Autolab) controlled by NOVA software at ambient temperature. The impedance measurements were performed with an applied a.c. voltage of 10 mV in amplitude over a frequency range of 100 kHz to 100 mHz. Z-view software was used to analyze the results.
CV scans were performed in the potential range of ±1V at a scan rate of 100 mV s -1 . The capacitance (C) was calculated from the CV results using Eq. 1
where I + and I -are currents in A at 0 V in the two scanning directions and dV/dt is the potential scan rate (Vs -1 ).
[37]
Electromechanical Measurements
Maximum tip displacement, rate of displacement and durability were measured at room temperature and in ambient air using the arrangement shown in Figure 1 During the time intervals, the IPMC samples were kept still in the sample holder.
Results and Discussions
Morphology of IPMCs
In the cross-sectional SEM image of the freeze-fractured IP-H sample shown in Figure 2 similarly can be attributed to the formation of larger ionic clusters [40] within this sample compared to water free IP-E actuators as shown in Figure S1 . Figure 3 shows the voltamograms of the IP-H, IP-L, IP-E samples. All three appear similar in shape but differ in the magnitude of the current. The symmetric shape of the CV curves can be assigned to excellent charge distribution in the electrode region of the IPMCs. This indicates that the platinum plating process has given rise to two equivalent electrodes with similar thicknesses, as was observed by SEM. In previous work, it was found that the platinum particles penetrate the polymer to a depth of ~10 µm and provide a porous electrode structure at both surfaces of the IPMC. [41] The CV curves of the IPMCs are close to rectangular, indicating a capacitive behavior and a low contact resistance. Generally, the shape of the loop in the CV response of an ideal capacitor should be rectangular; however, greater resistance changes the loop, causing an M A N U S C R I P T
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12 oblique angle and narrower loop. [42] Nafion-based IPMC actuators can be considered as polyelectrolyte-based capacitors [43] since they consist of a pair of conductive platinum electrodes sandwiching the cation exchange Nafion membrane. Nafion is a perfluorinated copolymer that can be considered to have a poly(tetrafluoroethylene) backbone from which are suspended perfluorinated ether side chains terminating in anionic sulfonate groups. In the samples used in this work, these are paired with counter cations such as H + , Li + and EMIM + .
Since the sulfonate groups are covalently tethered by the side chains to the perfluorinated molecular backbone they cannot move away whereas their counter cations can be detached by an electric field.
[44] When a voltage is applied to a water-based IPMC actuator, redistribution of ions takes place in the Nafion membrane. [35, 36] Cations would migrate towards the negatively charged platinum electrode region and form an electric double layer at the interface, while the double layer at the other interface is formed from the immobile sulfonate groups located in the vicinity of the positively charged electrodes. Therefore, regardless to the type of counter cation within the Nafion membrane it is expected that a thicker double layer is formed near the negatively charged electrode.
As can be seen in Figure 3 , the CV loop of water-based IP-H and IP-L actuators were narrower than for IL-based IP-E actuators, indicating that capacitance increases in the order: IP-E>IP-L>IP-H. This indicates that replacing water with IL generally led to a higher current responseand therefore higher characteristic capacitance. Since Nafion consists of non-polar tetrafluoroethylene segments and the polar perfluorosulfonic vinyl ether segments four polarization mechanisms can occur within this polymer; electronic polarization, ionic polarization, orientational polarization and interfacial polarization. The more easily the various polarization mechanisms can act, the larger the dielectric permittivity and the capacitance will M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 be. [45] All polarization mechanisms can be described as a number of resistance and complex capacitance elements connected in series and parallel. [17] The ionic conductivity relates to the exchange of ions between different domains within the bulk of the Nafion membrane, while the overall capacitance describes the accumulation of ions at the polymer/platinum electrode region.
A local accumulation of ions is produced in the bulk of the Nafion membrane (interfacial polarization) due to the presence of hydrophobic and hydrophilic domains with different
permittivity. An interfacial conductivity is associated with charge exchange at the interfaces between domains with different permittivity. [17] As discussed previously, the incorporation of large hydrophobic organic cation of EMIM + and also use of ethanol as the supporting solvent cause the polymer to swell macroscopically [38, 39] to a higher extent compared to water-soaked samples. [7] Therefore, it is expected that the mentioned polarization mechanisms happen easier in IL-based IP-E actuators. In Figure 3 , it can also be seen that Li + -exchanged water-based IP-L actuators showed a higher current compared to the H + -exchanged water based IP-H actuators.
This difference can be explained by the presence of larger ionic clusters with higher water content within the IP-L samples. This leads to a higher microscopic [38, 39] Since they showed to have the highest capacitive characteristic all IP-E/L actuators (IL-based actuators incorporated with Li + ions) used in this work were prepared using the preparation method described as method (1) in Section 2.2.
In against the real part. Nyquist plot appears as a vertical line for ideal capacitors and a point on xaxis for resistors. Also in these plots a semicircle is fitted as a resistor and capacitor in parallel.
In highly conductive systems, the semicircle in Nyquist plot is not observable; however, for less conductive systems the semicircle is present in a distorted form. Moreover, the vertical line indicating electrode capacitance is tilted because the electrode surfaces are not ideally smooth.
Here, the electrochemical system is an IPMC sample sandwiched between two platinum electrodes, so the alternating current flows through the Nafion membrane. The impedance of the IPMCs is a function of three variables; the mobility of ions in the Nafion membrane, the polarization of the Nafion structure and the double-layer capacitance at the platinum electrodes/polymer. The degree of mobility of ions determines the conductivity of the Nafion membrane. Small ions migrate faster and provide higher conductivity. to be an IPMC with improved tip displacement, durability and displacement rate.
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Conclusions
IL-and water-based IPMC actuators were prepared using commercially available Nafion-117 membrane and were compared using SEM, CV, IS and in electromechanical measurements.
Water The difference in mass between the dried EMIM + -exchanged IPMCs and the original dried IPMC in protonated form was assigned to be the mass of EMIBF 4 absorbed. The data presented in Table S1 show that the amount of absorbed ionic liquid increased strongly in the order IPMC1 < IPMC2 < IPMC3 < IPMC4. This trend implies that ethanol is a more effective supporting solvent than methanol, which in turn is better than water, because it facilitates the penetration of more of the large organic cations of the ionic liquid into the membrane. Thus, ethanol was chosen as the supporting solvent for subsequent studies of ionic liquid-soaked IPMC. In Figure S1 , it can be seen that the cluster reflection -the main peak -moved to lower scattering angles on moving from EMIM + -to EMIM + /Li + -and to Li + -exchanged Nafion membranes. The corresponding intercluster spacings were 37.7, 48.1 and 54.4 Å, respectively. These results clearly indicates that the intercluster spacing increases as the large EMIM + cation is partly and then completely replaced by Li + ions with lower ionic radius, due to the formation of larger ionic clusters.. Intensity 2θ EMIM-Nafion EMIM/Li-Nafion Li-Nafion
